Recent self-report and behavioral studies have demonstrated that pubertal testosterone 2 is related to an increase in risky and impulsive behavior. Yet, the mechanisms 3 underlying such a relationship are poorly understood. Findings from both human and 4 rodent studies point towards distinct striatal pathways including the ventral and dorsal 5 striatum as key target regions for pubertal hormones. In this study we investigated 6 task-related impatience of boys between 10 and 15 years of age (N = 75), using an 7 intertemporal choice task combined with measures of functional magnetic resonance 8 imaging and hormonal assessment. Increased levels of testosterone were associated 9 with a greater response bias towards choosing the smaller sooner option. Furthermore, 10 our results show that testosterone specifically modulates the dorsal, not ventral, 11 striatal pathway . These results provide novel insights into our understanding of 12 adolescent impulsive and risky behaviors and how pubertal hormones are related to 13 neural processes. 14 15
Introduction 1
For instance, we previously found that the strength of the structural connectivity 23 between the frontal cortex and the dorsal striatum is associated with increased future-24 orientation and reduction of impulsive decision making (van den Bos, Rodriguez, 25 of the scanner session (see Supplementary Materials for details). Importantly, neither 1 the monetary amounts nor the generated time delays for the fMRI task correlated with 2 testosterone, age, or PDS (all p > .05). 3
Although participants were not directly paid the actual monetary amounts used 4 in the task, past research has consistently shown that choices with hypothetical and real 5 rewards in a delay-discounting paradigm significantly correlate with each other (Bickel, 6
Pitcock, Yi, & Angtuaco, 2009; van den Bos et al., 2015) . In addition, evidence on 7 incentives used in intertemporal choice studies has demonstrated small effects on 8 choice behavior (Augenblick, Niederle, & Sprenger, 2015) . 9
The inter-trial interval was 2-8 seconds (M = 4.5 seconds). Each choice was 10 presented for 6 seconds, the maximum amount of time participants had to indicate their 11
answer (see Figure 1) . 12 13 14 Figure 1 . Example of the paradigm used in the current study. ITI = intertrial interval. 15
Behavioral Analyses 1
To gain insight into the underlying decision strategies, we modeled participants' 2 choices using three types of discounted utility models. The basic assumption of these 3 models is that when a reward is available at a certain delay, its subjective value is 4 discounted relative to the extent of that delay: 5
where U is the subjective utility and A is the objective monetary amount, which is 7 multiplied by a discount function D. According to the canonical utility models, all one 8 needs to understand is how to characterize D. In the classic hyperbolic discounting 9 function, D is defined as 10
where t is time and k is the discount factor (greater implies greater impulsivity).
12
To better capture individual differences in sensitivity to immediate rewards as 13 opposed to long-term rewards, we also used two well-known two-parameter discount 14 models: 15
In this two-parameter model σ reflects individual differences in sensitivity to change at 17 shorter delays relative to longer delays. Given its increased flexibility, the two- & van den Bos, 2016). In our previous research, we found that this model best described 21 the behavior of an adolescent population, and importantly that pubertal testosterone was 22 specifically associated with the s parameter, indicating that testosterone is associated 23 with increased behavioral sensitivity to near-term rewards. Here we extend ourwhere θ estimates response noise. This function assumed that each individual would 1 choose the option with the highest subjective value with the highest probability. 2
To further explore the distinction between processes associated with the ventral 3 and dorsal striatum, we included two more models that could potentially capture the 4 distinction between evaluative and non-evaluative selection processes. In contrast to 5 the dual-system models, these models assume that there is a single evaluation system 6 (Kable & Glimcher, 2007; Rangel, Camerer, & Montague, 2008 ) that discounts future 7 rewards hyperbolically, as described by the canonical hyperbolic model (see Equation  8 2). In addition, these models include a response-bias parameter inspired by the response 9 bias that is usually implemented in sequential sampling models of choice (Ratcliff & colleagues (2014; see also Rutledge et al, 2015; Rigoli et al, 2016) , these models 18 operate on the choice function itself: 19
Here the bias parameter allows for an overall bias toward SS or LL choices independent 22 of the amounts and delays associated with the options. A positive bias indicates a bias 23 toward SS options and a negative value indicates a bias toward LL options. For the 24
IMMbias model the bias parameter is 0 when the SS option is also in the future and afree parameter when the SS option is immediate. We used the optimization toolbox 1 optim implemented in R for model fitting (Nash & Varadhan, 2011) . Maximum 2 likelihood of the observed data was calculated with the choice functions in Equations 3 5 and 6. The Bayesian information criterion provided an indication of the relative fit of 4 the statistical models given the data; cross-validation using the logLoss scoring rule 5 was used to gauge the relative differences in predictive accuracy (see Supplementary  6 Materials for details). The models showed distinct differences in fits to the choice data, 7 but their levels of out-of-sample predictive accuracy were similar. 8
9

MRI Image Acquisition 10
MRI scans were conducted with a 3 Tesla Siemens TIM Trio Scanner (Erlangen, 11
Germany) at the Max Planck Institute for Human Development in Berlin, Germany. 12
The intertemporal choice task was presented via a video projector and a mirror system 13 mounted on top of the 12-channel phased array head coil. We collected 346 functional 14 images per participant using a T2*-weighted echo planar imaging (EPI) sequence that 15 was individually aligned to the genu and the splenium of the corpus callosum. The 16 following parameters were used: 36 slices, ascending interleaved slice order, time to hemodynamic response function provided by SPM8. Additionally, the six rigid bodymovement parameters, mean signal drift, and the outlier scans (for each outlier scan a 1 regressor containing a 1 for the outlier scan and 0 for all others was created) as 2 identified by the ArtRepair toolbox (see fMRI Preprocessing, above) were included as 3 regressors of no interest. 4
The current study was designed to test the relationship between testosterone and 5 the sub-regions within the striatum, and how these relationships are reflected in 6 impatient choice. To test this, we performed ROI analyses using the MarsBaR toolbox 7 We performed ROI analysis and used these ROIs for small-volume correction. 7
Given our ROI focused approach we used a stricter threshold than is normally used on 8 the whole brain level. That is, the standard familywise error (FWE) threshold of . 05 9 was again Bonferroni-corrected to .025 in order to consider task-related responses as 10 significant. Results remain similar with a more liberal threshold. 11
First, we were interested in how these two distinct striatal parts were involved 12 in impatient decision making. Therefore, we contrasted activation associated with the 13 SS over LL choices to investigate how ventral and dorsal striatal regions were involved 14 in either impatient or patient choices. In a subsequent step, we examined how levels of 15 pubertal testosterone were associated with the choice-related activity in the ventral and 16 dorsal striatum. Because we were interested in the unique contribution of pubertal 17 testosterone to brain activity we controlled for age in all of our analyses (similar to our 18 behavioral analyses). Even though our procedure with the pre scanner task was aimed 19
at getting the ratio of SS and LL choices close to 50-50 for each participant, there were 20 still some individuals who significantly deviated from this distribution. To reliablyestimate the SS-LL contrast we included only individuals who made at least 20% of 1 SS or LL choices , resulting in a sample of N = 48 (see Table S4 in the Supplementary 2
Materials for the summary statistics for this imaging group). 3
Second, even though we did not find any behavioral immediacy effect, we did 4 compare now-later with later-later options to see if the ventral, and possibly dorsal, 5 striatum was more sensitive to the presence of immediate rewards (controlling for 6 choice type). Similar to in the previous analyses, we subsequently added testosterone 7 as a regressor of interest and age as a regressor of no interest to this contrast (all 8 participants, N = 70, were included in these analyses). 9
To check the robustness of our results we repeated the analyses using all 10 participants (N = 70) for the SS-LL contrast, and in the subgroup in which collinearity 11 between age and testosterone was reduced (N = 32, see Behavioral Analyses, above) 12 for both contrasts. All of the reported results hold when using these groups (see 13
Supplementary Materials), suggesting that the reported results are robust to individual 14 differences in behavioral patterns and individual differences in age and testosterone. 
Behavioral Results 22
Summary statistics and regression analysis. As expected, the correlation with 23 testosterone levels was strong for self-reported pubertal development (PDS), r = . Table 2 for model fits and Table 3 for the best fitting 12 parameters). Since we were interested in the unique contribution of testosterone in 13 impatient choice, we performed a multiple regression analysis to predict the level of 14 bias for SS options based on both testosterone and age. Table S3 for more summary statistics). Here, 10 we calculated quartiles based on age and used the two middle quartiles for the 11 subsample, which resulted in a sample with N = 32 participants. While the relationship 12 between testosterone and age was still significant (p < .01), the variance inflation factor 13 was 1.35, as opposed to 2.09 for the entire sample, which indicates that the shared 14 variance (or multicollinearity) between age and testosterone regressors was not 15
problematic for fitting the model. As expected, the relationship between the bias 16 parameter and testosterone remained significant in a multiple linear regression rewards were the same, participants would still be more likely to choose the SS option.
higher than the bias. In sum, results suggest that testosterone biases choices in a way 1 that is independent of value calculation, which is consistent with its relationship with 2 the dorsal but not the ventral striatal pathway. 3 4
Imaging Results 5
Choice-related activity (SS vs. LL). First, we tested for distinct patterns of activity 6 when individuals chose LL rewards compared with when they chose SS rewards. This 7 contrast identified the left NAcc, p = .01 FWE, MNI: -9 5 -5, t(47) = 3.37, as being 8 more active when individuals chose the LL compared to the SS option (see Figure 4) . 9
Given that LL choices are often only chosen when the subjective value is higher, to 10 
investigated if the context of the choice options is related to activity within the ventral 10 striatum and possibly the dorsal striatum. That is, we compared today-later with later-11 later options to test if one (or possibly both) of our selected ROIs was more sensitive to 12 the presence of immediate rewards. We included choice as a regressor of no interest, 13 because we were interested in the unique contribution of reward context independent 14 of choice, given that choices were also biased toward an equal distribution between SS 15 and LL choices. However, in line with our behavioral findings, none of these analyses 16 revealed significant results. 17
18
Testosterone and choice. 19
To test for testosterone-specific modulation of neural activation, we performed 20 a regression analysis with testosterone level as a predictor on the SS-LL contrast, again 21 this test was performed for both dorsal and ventral striautm. This analysis resulted in 22 significant activation within the dorsal striatum (caudate nucleus, p = .021 FWE, MNI: 23 -12 17 10, t(45) = 3.28; see Figure 6 ). As such, testosterone level predicted the extent 24 of activation in the dorsal striatum, such that higher levels of testosterone correspondedwith increased activation for LL compared to SS choices. We did not find any activity 1 associated with testosterone in the ventral striatum (even at more liberal thresholds), 2 nor did exploratory whole brain analyses result in any testosterone sensitive regions. 3
In sum, these results suggest a relationship between testosterone and the dorsal 4 but not the ventral striatum, where testosterone seems to modulate activity, which 5 biases individuals' choices toward the SS option. One way to interpret this finding is 6 that more top-down control was needed for these high-testosterone individuals to 7 choose the LL option. This interpretation is based on the fact that the dorsal striatum Log testosterone (pmol/l) Parameter estimate (LL−SS) discounting task, we assessed functional connectivity of a priori defined ROIs using 1 psychophysiological interaction (PPI). Specifically, we focused on functional 2 connectivity between the dorsal striatum ROI and a ROI including the rostral superior 3 and middle frontal gyri and the dorsolateral prefrontal cortex, as those areas have been 4 identified as cortical input to the dorsal striatum, particularly specialized in executive 5
functions; see Tziortzi et al., 2014). 6
First, we tested for increased functional connectivity during the decision phase 7 of the task relative to baseline. We extracted the mean BOLD time series from the 8 voxels within the bilateral dorsal striatum ROI related to activation of the choice -9 baseline contrast. Subsequently, we estimated a GLM for every subject that included 10 the following three regressors in addition to the motion parameters: (1) an interaction 11 between mean BOLD response in the dorsal striatum ROI and the mean centered 12 decision phase regressor convolved with the canonical HRF; (2) a regressor specifying 13 decision phases as an indicator function convolved with the canonical HRF; and (3) the 14 original BOLD eigenvariate from the target area (i.e., the first principal component of 15 time-series from the voxels within the bilateral dorsal striatum ROI). Single-subject 16 contrasts were calculated after estimation of the GLM. 17
As expected, these analyses revealed a significant increase in connectivity 18 between the dorsal striatum and the prefrontal cortex during the choice p = .015 FWE, 19 1 Figure 7 . PPI analysis revealed significant functionally connectivity between the dorsal 2 striatum and the prefrontal cortex when making a choice versus baseline. 3 4
Connectivity & testosterone. Next, we used the Marsbar toolbox to extract mean 5 PPI coefficients from first-level, single-subject contrasts based on the peak-voxel of 6 activation within the bilateral prefrontal ROI that corresponded with the target area 7 used for the PPI analyses. These PPI coefficients were the used as the dependent 8 variable, with testosterone levels as the independent variable, controlling for age. 9
However, we did not find a significant relationship between testosterone level and PPI 10 coefficients, b = -0.06, 95% CI [-0.45, 0.33], p = .75. 11
Brain-behavior. To test the hypothesis that activation within the dorsal stratum is also 12 related to an increase in bias toward choosing the SS option, we conducted a multiple 13 linear regression with beta weights for the SS-LL contrast as the dependent variable, 14 respectively, and the bias parameter obtained by the previous cognitive modeling 15 procedure as the independent variable, controlling for age. As expected we found a 16 negative relationship between the bias parameter and activation within the dorsal 17 striatum for SS over LL choices, b = -.18, 95% CI [-.45, .11], p = .10, but this failed to 18 reach significance. Consequently, activity in the dorsal striatum may not be directlylinked to a behavioral bias for SS options, yet results suggest that there may be an 1 indirect relationship given that the bias parameter may also represent a multitude of 2 various cognitive processes, which eventually may lead to a behavioral bias. Puberty marks the transition from childhood to adulthood, serving as an important 7 biological marker for tremendous changes in both the structure and function of the 8 brain. However, little is known about how pubertal hormones impact brain function, or 9 how they might affect impulsive behavior in adolescence. The current study was 10 designed to examine the relationship between testosterone and impatient behavior with 11 a specific focus on its interaction with two striatal sub-regions. Our results suggest that 12 testosterone specifically modulates dorsal, not ventral, striatal function in the context 13 of intertemporal choice. Furthermore, increased levels of testosterone were associated 14 with a greater response bias towards choosing the SS option, regardless of its value. 15
These results provide new insights into our understanding of adolescent impulsive and 16 risky behaviors, which we will address below. testosterone levels were associated with more negative functional connectivity between 21 these areas in a social approach-avoidance task. However, here we did not find evidence 22
for altered connectivity, suggesting that testosterone may modulate local control 23 processes within the striatum, most likely through modulating dopamine activity. That 24 is, animal studies have shown that testosterone also directly modulates dopamineactivity within the striatum, and consistent with our findings, recent studies have shown 1 that modulation of dopamine in the striatum can lead to changes in response bias (e.g. findings it could be hypothesized that it is specifically the role of testosterone in 20 instrumental learning that leads to differences in risk taking, instead of modulating risk 21 preferences directly. In other words, instead of being risk-taking per se, adolescents 22 may have difficulties learning action-outcome contingencies (in the BART, learning 23 the association between number of pumps and the eventual burst of the balloon).
Studies separating risk from learning aspects would deliver important insights into this 1 proposed hypothesis. 2
In contrast with our previous study (Laube et al., 2017), we did not find an 3 immediacy effect, nor did we find that magnitude of this effect was related to 4 testosterone. Although the current task was not optimally designed to test for such an 5 effect, this was nevertheless an unexpected result. One potential reason for the lack of 6 an observable immediacy effect may be the use of monetary rewards only in the current 7 study. Previous work suggests that the immediacy effect is strongest when individuals the present data allow only indirect inferences about the relationship between real-7 world outcomes and pubertal testosterone. 8
In conclusion, the current study provides novel insights into the underlying 9 mechanism of developmental changes in impulsive behavior across adolescence. To 10 our knowledge, the current study is the first one to show an association between 11 pubertal testosterone and choice related brain activation. By using a multimodal 12 approach combining fMRI, hormonal assessment, and cognitive modeling of task-13 related behavior, we found support for the hypothesis that pubertal testosterone 14 modulates the dorsal striatal pathway, which in turn may bias adolescents to impulsive 15 behavior. Note that impulsive behavior is not harmful in itself, and it may also be even 16 specifically beneficial in this developmental period (Spear, 2010, van 
